Neisseria meningitidis is a strictly human pathogen and is one of the major causes of septicemia and meningitis worldwide. Functional genomics approaches have been extensively applied to study how N. meningitidis adapts to grow and survive in different human niches encountered during the infection. DNA microarrays performed in in vitro and ex vivo conditions have revealed changes in the transcriptome profiles of N. meningitidis upon interaction with human cells and after incubation in human serum and blood. Mutagenesis studies allowed detecting mutants in genes crucial for N. meningitidis colonization and systemic infection. The analysis of N. meningitidis genomes has been also successful in the identification of vaccine candidates used to develop an effective protein-based vaccine. The application of all these approaches revealed the potential to identify new virulence factors and vaccine candidates and to assign functions to previously uncharacterized genes providing new insights in the biology and pathogenesis of N. meningitidis.
INTRODUCTION
The molecular basis and regulation of bacterial pathogenesis, in particular the host-pathogen interactions, are complex and involve the intricate and temporal control of multiple virulence determinants. The broad spectrum of physiological and virulence properties is a reflection of the tightly coordinated expression of diverse sets of genes. Traditionally, bacterial pathogenesis has been investigated by focusing on a single gene or protein at a time. The advent of the genomics era has transformed studies of bacterial pathogenesis by enabling the simultaneous identification and functional analysis of many genes and proteins relevant to bacterial infection.
Functional genomic approaches include the largescale analysis of gene transcription (transcriptomics) and the whole set of proteins encoded by an organism (proteomics) and also comparative genome-proteome technologies [1, 2] . Moreover, these new approaches have been demonstrated to have the potential to discover new vaccine candidates applying genome-based approaches such as reverse vaccinology.
In this article, we will give an overview of the applications of functional genomic approaches in the study of Neisseria meningitidis pathogenesis and the discovery of new vaccine candidates to eliminate the diseases caused by this deadly human pathogen.
Meningococcal biology and pathogenesis
Neisseria meningitidis is a Gram-negative strictly human pathogen, able to cause meningitis and sepsis. Neisseria meningitidis can be classified into 13 serogroups on the basis of the chemical composition of the capsule polysaccharide. However, more than 95% of total cases of invasive disease are caused by Elena Del Tordello is a post-doctoral student at Novartis Vaccines & Diagnostics in Siena, Italy. Her research is focused on the study of how Neisseria meningitidis adapts to grow and survive in human whole blood, with a particular interest in identifying new virulence factors and regulatory RNAs involved in this step of pathogenesis. Davide Serruto is the Head of Molecular Genetics at Novartis Vaccines & Diagnostics in Siena, Italy. The aim of his research is in the understanding of the functional role of surface-exposed proteins of pathogenic bacteria including Neisseria meningitidis, Group B streptococcus and Staphylococcus aureus. He is also interested to understand how these pathogens adapt their transcriptional profiles to growth and multiply in the host and cause diseases. five major serogroups: A, B, C, Y and W135. Vaccines against serogroups A, C, Y and W135 were developed in the 1960s using the purified capsular polysaccharide as antigen [3] . Secondgeneration conjugated vaccines have now been introduced. The chemical composition of the polysaccharide of serogroup B, which resembles a molecule present in human tissues, makes a polysaccharide-based vaccine poorly immunogenic and a possible cause of auto-immunity. In the past 40 years a lot of efforts have been directed to the identification of N. meningitidis B (MenB) antigens as basis of new vaccines. However, the high variability of these proteins among the different MenB strains represents a serious obstacle to the production of a globally effective anti-MenB vaccine [4] . As a consequence there are no effective vaccines available for the prevention of MenB disease, which is responsible for one-third of meningococcal disease in the United States and up to 80% of cases in Europe [5] .
Colonization of the upper respiratory mucosal surfaces by N. meningitidis is the first step in establishment of a human carrier state and invasive meningococcal disease [6] . Overcoming specific and non-specific mucosal host defenses and attachment to human epithelial cells is required for the colonization of the nasopharynx by N. meningitidis. After the colonization step, N. meningitidis is able to cross the mucosal epithelial barrier and enter into the bloodstream. Once access to the bloodstream is obtained, N. meningitidis may multiply rapidly to high levels causing sepsis. Meningococcal bacteremia can result in the infection of the meninges, pericardium and large joints [7] . In fact, bacteria may translocate across the blood-brain barrier, proliferate in the cerebrospinal fluid and cause meningitis. The ability to cause invasive disease depends on environmental factors, expression of meningococcal virulence factors and lack of a protective immune response [8] .
During the different stages of infection, N. meningitidis has to adapt to rapid changing environments and to escape innate and acquired immune responses [9] [10] [11] . Neisseria meningitidis virulence mechanisms use a variety of strategies for host adaptation. A characteristic of meningococcal evolution is genome plasticity and phenotype diversity. Neisseria meningitidis is naturally able to acquire exogenous DNA, and genetic recombination events are frequent [12] [13] [14] . In addition, the genome contains mobile genetic elements, such as IS elements, and prophage sequences [15, 16] . Another important aspect is phase variation, which is the rapid and reversible mutation of a DNA-repeated tract, leading to a phase ON or OFF expression state of specific genes [17] . All these features ensure the existence of a highly dynamic bacterial population in the expression of pathogen-associated genes, which is an important condition for the adaptation to specific human niches [18] . Neisseria meningitidis, as many others bacterial pathogens, directly responds to environmental changes at the transcriptional level: the expression of virulence genes is tightly regulated and transcriptional regulators respond to stimuli of the different host niches, encountered during the pathogenesis. These transcriptional changes allow the bacterium to adapt and survive in the human host and will be the focus of this article.
THE APPLICATION OF A GENOME-BASED APPROACH TO DISCOVER VACCINE TARGETS
The study of bacterial genomes by both computational and experimental approaches has significantly advanced our understanding of the physiology and pathogenicity of many microbes and has provided insights into the mechanisms and history of genome evolution [19, 20] . Although genomic and genome-based technologies applied to viral, bacterial and parasite pathogens are important from a scientific perspective, they also have significant potential to aid in the development of novel diagnostics, therapeutics and vaccines.
The new approach of the genomic era, to develop vaccines starting from the genomic information rather than growing the causative microorganism, was named reverse vaccinology and can be used for the development of vaccines against pathogen for which the applications of classical approaches have failed [21, 22] .
To develop a universal vaccine against N. meningitidis serogroup B (MenB), the genome of a virulent strain has been sequenced and to identify novel vaccine antigens a strategy has been aimed to select, among the more than 2000 predicted proteins, those which were predicted to be surface-exposed or secreted and tested them for their potential to induce protection against disease [23, 24] . Neisseria meningitidis is essentially an extracellular pathogen and the major protective response relies on circulating antibody: complement-mediated bactericidal activity is, in fact, the accepted correlate for in vivo protection and as such is the surrogate endpoint in clinical trials of potential meningococcal vaccines [25] . On the basis of this evidence, protective antigens are more likely to be found among surfaceexposed or secreted proteins. Hence, the initial selection of candidate analysis was based on computer predictions of secretion or surface localization. Of the 2158 predicted open reading frames (ORFs) in the N. meningitidis genome, 570 were selected by these criteria and could therefore represent new potential vaccine candidates. Of the 570, 350 ORFs were successfully cloned in Escherichia coli and purified in a sufficient amount for mice immunizations. Most of the failures, both in cloning and expression, were related to proteins with more than one transmembrane spanning region. This is likely to be due to toxicity for E. coli or to their intrinsic insolubility.
Each purified recombinant protein was used to immunize mice. Immune response was analyzed by western blot analysis on both total cell extracts to verify whether the protein was expressed and enzyme-linked immunosorbent assay and flow cytometry on whole cells to verify whether the antigen was surface-exposed in N. meningitidis. Finally, the bactericidal assay was used to evaluate the complement-mediated killing activity of the antibodies (serum bactericidal activity), since this property correlates with vaccine efficacy in humans [25] .
Of the 91 proteins found to be positive in at least one of these assays, 28 were able to induce antibodies with bactericidal activity [23] . Several of the antigens previously identified using conventional approaches showed strain variability or were only expressed in some strains, and most of them are effective only against the homologous strains. Therefore, the potential vaccine candidates identified were evaluated for degree of sequence variability among multiple isolates and serogroups of N. meningitidis. Reverse vaccinology has therefore proven to be a rapid and reliable approach to identifying vaccine candidates. In the case of MenB, these potential vaccine candidates, able to induce broad strain coverage, were subjected to further evaluation and characterization [26] . The three most immunogenic antigens were selected to be used in a multi-component vaccine. They were NHBA, fHbp and NadA [27] . The rationale behind combining antigen was to increase the spectrum of vaccine coverage, minimizing the possibility of bacterial evasion and development of selection mutants [26] .
After successful preclinical studies, the MenB vaccine entered the long path of vaccine development that included testing safety and immunogenicity in adult and adolescents volunteers [28, 29] , initial testing in infants [30, 31] , and finally, a large scale, phase III clinical trial [32] that has been the basis for a European license application ( Figure 1 ).
In addition to the discovery of many previously unknown antigens and the development of a new effective vaccine, reverse vaccinology has made possible studies on antigen function, leading to new insights in the biology of N. meningitidis [27] .
FUNCTIONAL GENOMICS APPROACHES TO STUDY MENINGOCOCCAL PATHOGENESIS
Functional genomics methods aim to understand the function of genes by linking genotype to phenotype and empower the use of highly parallel methodologies that allow investigators to study all the genes or all the proteins of a pathogen in the context of a host or under various physiological states of interest [19] . Such methods include large-scale analysis of gene transcription by DNA microarray, the identification of the whole set of proteins encoded by a microorganism by two-dimensional gel electrophoresis and mass spectrometry as well as the use of protein chips to analyze immunological responses in human sera. All these approaches have been widely applied to the study of N. meningitidis pathogenesis, with the purpose to identify sets of genes expressed during infection and involved in pathogenesis ( Figure 2 ; Table 1 ). Together with insilico antigen identification studies, they should be considered as complementary strategies, allowing to the identification of virulence factors that would be lost if a single procedure was used.
Screening of transposon libraries
A major challenge in the bioinformatics analysis of bacterial genomes is to assign, or experimentally confirm, a biologic role to the predicted coding regions. Methods for high-throughput analysis of gene function are useful to exploit the genomic information. A powerful method for determining function is the phenotypic analysis of genome-wide collections of mutants.
Sun et al. [33] used a signature-tagged mutagenesis (STM) of N. meningitidis to identify genes essential for septicemic infection. STM is based on an insertional mutagenesis system that uses transposons carrying unique DNA sequence tags, allowing large numbers of mutants to be analyzed simultaneously [50] . In particular, they analyzed a library of 2850 insertional mutants of N. meningitidis for their capacity to cause systemic infection in an infant rat model. The library was constructed by in vitro modification of N. meningitidis genomic DNA with the purified components of Tn10 transposition. Using this large-scale approach, they identified 73 N. meningitidis genes essential for systemic infection in vivo, since the mutants showed an attenuated phenotype during infant rat infection when compared with the wild-type strain. Of them, eight insertions were in genes encoding known pathogenicity factors while the involvement of the remaining 65 genes in meningococcal pathogenesis has not been demonstrated previously.
A similar approach was followed by Geoffroy et al. [35] . The authors constructed a library of 4548 signature-tagged mutants of N. meningitidis using in vitro Himar1 mariner mutagenesis [51] . The mutants were tested for the ability to resist complement-mediated lysis and the analysis resulted in the identification of 37 mutants that presented a reduced survival in native serum; these mutants, including four previously uncharacterized, were important for the synthesis of the polysialic acid capsule or the lipooligosaccharide. These works showed the application of a genome-wide functional analysis of N. meningitidis to identify genes required for septicemia and serum resistance.
More recently, STM was exploited to identify genes required for meningococcal colonization. In particular, Exley et al. [34] analyzed 576 N. meningitidis mutants for the capacity to colonize human nasopharyngeal tissue in explants of human nasopharyngeal tissue used as a human organ culture model. Eight colonization defective mutants were isolated. Two mutants were unable to express type IV pili and were defective for adhesion to epithelial cells, which is likely to be the basis of their attenuation in nasopharyngeal tissue, while the remaining mutants have transposon insertions in genes of unknown function, Figure 1 : Reverse vaccinology approach applied to N. meningitidis. Based on the complete genome sequence of N. meningitidis strain MC58 (2158 ORFs), genetic sequences potentially encoding for novel surface exposed proteins were identified. DNA sequences encoding 570 potential surface-exposed antigens were amplified by PCR and cloned into an E. coli expression vector. 350 recombinant proteins were successfully produced, purified and used to immunize mice. The optimal recombinant protein candidates were then selected based on their surface expression and ability to induce serum bactericidal antibodies: 91 new surface-exposed proteins have been identified and 28 novel protein antigens able to induce antibodies with bactericidal activity were identified. The antigens selected by reverse vaccinology were prioritized based on the following criteria: (i) the protein has to be surface-exposed; (ii) the protein has to be conserved in sequence across a range of different MenB strains and (iii) the protein must induce a broad bactericidal antibody response. The three top antigens that met the prioritization criteria, NadA, fHBP and NHBA, were highly bactericidal against most of the strain tested. The recombinant antigens were formulated with outer membrane vesicles (OMVs) and tested in preclinical studies and clinical trials in adults, adolescents and infants.
but are likely to be involved in this step of the pathogenesis.
Microarray studies on N. meningitidis^host interactions
To rapidly respond to environmental changes, bacteria have evolved different and complex mechanisms to regulate gene expression. Bacteria can save considerable energy by expressing only those that are required in a particular stage of their life cycle [52] . The goal of whole genome expression studies of pathogenic bacteria is the identification of bacterial genes that are differentially regulated in the host. Within this class of genes are those that allow the microbe to adapt to host-specific environments or encode virulence determinants. The analysis of the transcriptional profile of pathogens during infection (or in conditions mimicking infection) has considerably improved our understanding of the mechanisms implicated in host-pathogen interaction.
Using DNA microarray, gene expression can be studied by growing pathogens in an appropriate in vivo or ex vivo model of infection (e.g. cell and tissue cultures, animal models, human fluids) and, after recovering the bacteria for RNA preparation and labeling, the gene activity is analyzed and compared with the expression of the genes under a Figure 2 : Functional genomics approaches to study meningococcal pathogenesis. Colonization of the upper respiratory tract is the first step in N. meningitidis pathogenesis (a). After the colonization step and the adhesion to epithelial cells, N. meningitidis is able to cross the mucosal epithelial barrier and enter into the bloodstream. Neisseria meningitidis is able to grow and survive in human blood and it can rapidly multiply there causing sepsis or it can reach the blood^brain barrier (b), cross the barrier and cause meningitis. Different functional genomics approaches used to study the interaction of N. meningitidis with the host in various steps of pathogenesis (adhesion to epithelial and endothelial cells and survival in blood) are listed in the figure. Tiling DNA microarray
Incubation in human blood
Identification of regulatory RNAs differentially expressed in a time course experiment of incubation in human blood [46] Iron-depleted and iron-repleted conditions Analysis of the role of Hfq in N. meningitidis iron-dependent and -independent gene expression [47] Comparative proteomic analysis Bacterialrich medium Identification of proteins deregulated in hfq-null mutant [48, 49] reference condition [53] . The need for a more precise and comprehensive identification of microbial transcriptomes, independently of any annotated sequence feature, recently led to the development of tiling DNA microarrays, which generally represent both strands and the intergenic regions of the genome. These new arrays have revealed an unexpectedly high degree of complexity in the transcriptomes of bacteria, allowing detection of not previously annotated genes, non-coding RNAs, alternative and antisense transcripts and untranslated regions [54, 55] . DNA microarray studies have been applied to study the interactions of N. meningitidis with human host, during different phases of meningococcal pathogenesis (Figure 2 ).
Interaction with eukaryotic cells
The first interaction of N. meningitidis with human host occurs in the human nasopharynx and the adhesion of N. meningitidis to epithelial cells is the initial step in the establishment of a carrier state in humans that may develop in an invasive disease.
DNA microarrays allowed studying the changes in the transcriptome profile of all the genes during the interaction of N.meningitidis with eukaryotic cells.
Grifantini et al. [36] used DNA microarrays carrying the entire gene repertoire of the MC58 strain to analyze changes in gene expression induced in a MenB strain and in Neisseria lactamica, a human commensal species, upon interaction with human epithelial cells. The results showed that host cell contact induced changes in the expression of 347 and 285 genes in MenB and N. lactamica, respectively. Of these, only 167 were common to MenB and N. lactamica, suggesting that a different subset of genes is activated by pathogens and commensals. Gene expression profiling indicates that approximately 40% of the differentially regulated genes encode putative surface-associated proteins; these finding suggested that upon cell contact Neisseria undergoes substantial surface remodeling and may be very useful in rational design of new vaccines. In fact, 12 adhesion-induced surface antigens were tested in serum bactericidal assay and 5 were able to induce bactericidal antibodies in mice [37] .
In a similar manner, Dietrich et al. [38] used DNA microarrays to analyze the transcriptome of N.meningitidis during two key steps of meningococcal infection, i.e. the interaction with epithelial cells (HEp-2) and human brain endothelial cells (HBMECs). Seventy-two genes were differentially regulated after contact with epithelial cells, and 48 genes were differentially regulated after contact with endothelial cells, including a considerable proportion of well-known virulence genes. In the study, 13 of the ORFs (27%) differentially regulated upon cell contact showed high agreement in epithelial and HBMEC-adherent N. meningitidis. Interestingly, most virulence-associated genes differentially regulated in HBMEC-adherent N. meningitidis were also induced during HEp-2 interaction, suggesting that they have a general function for host cell interaction. The nonconcordant differentially regulated genes may in contrast be specifically required for infection of epithelial or endothelial cells.
Subsequently, Kurz et al. [39] extended the analysis and used DNA microarrays to analyze transcriptional changes in MenB during three key steps of meningococcal infection: human serum, adhesion to epithelial cells and adhesion to endothelial cells, with the purpose to identify new vaccine candidates. A wide range of meningococcal surface proteins was found to be induced in the conditions tested. This makes them potential vaccine candidates, once their immunogenicity and their potential to induce bactericidal immune responses is determined.
All these data support the model of dynamic interactions between N. meningitidis and the human host and give important insights into the correlation between gene expression and pathogenicity. In addition, a high number of ORFs for which no specific role has been assigned so far are transcribed differentially upon cell contact, suggesting that they may contribute to meningococcal host cell interaction.
Growth in human blood
The ability of N. meningitidis to survive and grow in human blood is a crucial step of pathogenesis. To survive in blood, N. meningitidis must adapt to the blood environment and the presence of host cells and factors.
Recently, we used a DNA microarray to analyze the global changes in the transcriptional profile of a virulent MenB strain in an ex vivo model of bacteremia [44] . The ex vivo human blood model enabled meningococcal responses to both host cellular and humoral bactericidal mechanisms to be analyzed [56] . In this work, N. meningitidis was incubated in human whole blood in a time course experiment and the microarray results showed that N. meningitidis alters the expression of nearly 30% of ORFs. A wide range of hypothetical, unclassified ORFs and ORFs with unknown function were differentially regulated and the analysis of the unclassified genes regulated in blood may aid in their functional characterization. The major groups of differentially regulated genes are involved in energy metabolism, transport and binding, amino acid biosynthesis and regulatory functions. In addition, through mutagenesis studies of a subset of up-regulated genes, the authors were able to demonstrate that N. meningitidis mutant strains lacking the genes encoding NMB1483, NalP, Mip, NspA, Fur, TbpB and LctP were sensitive to killing by human blood. This is an important example of how a transcriptome analysis in a growth condition mimicking a crucial step of bacterial pathogenesis combined with mutagenesis studies can lead to the identification of key virulence factors. In addition, the study demonstrates that DNA microarrays can therefore provide a suitable technology platform to unravel the role of ORFs for which no biological function has previously been found.
Characterization of key transcriptional regulators involved in pathogenesis
Survival within the hostile environment of human host requires the ability of bacterial pathogen to sense external stimuli, which leads in particular to coordinately regulate the expression of virulence factors. Although extensive transcriptional regulation accompanies the infection process, only 36 putative transcriptional regulators were found in N. meningitidis (according to the Comprehensive Microbial Resource database, http://cmr.jcvi.org) and just 5 of them have been characterized so far (CrgA, AsnC, Fur, FNR and NsrR) [57] . In this section we will focus on the application of functional genomics approaches to define and characterize the regulatory networks of two key N. meningitidis transcriptional regulators, Fur and FNR, and the RNAbinding protein Hfq.
The ferric uptake regulator Fur is a global regulator involved in response to iron. Grifantini et al. [40] used DNA microarray, computational and in vitro studies to define the Fur regulon in N. meningitidis group B (strain MC58). After iron addition to an iron-depleted bacterial culture, 153 genes were up-regulated and 80 were down-regulated. Three well-represented families that were primarily up-regulated on iron addition included genes involved in energy metabolism, protein synthesis and cell envelope assembly. By taking advantage to the generation of a fur-null mutant [58] , Delany et al. [41] further characterized the ability of Fur to act as a positive regulator. In addition, a comparative transcriptome analysis of the fur-null mutant was used to clearly identify Fur-dependent regulation at the genomic level and identify target genes affected directly and indirectly by this regulator [42] . The authors identified 83 genes in the Fur modulon, 54 of which had been previously shown to be iron-responsive [40] .
A key aspect of meningococcal pathogenesis is the ability of the bacterium to adapt to sites where oxygen concentrations are expected to fluctuate (like nasopharyngeal mucosa and bloodstream) [59] . FNR (Fumarate and Nitrate reductase Regulator protein) is the main player in the metabolic switch from aerobic to anaerobic growth in many bacterial pathogens [60] . Bartolini et al. [43] showed that fnr deletion resulted in more than 1 log reduction in the meningococcal capacity to proliferate both in infant rats and mice. To identify which of the FNR-regulated genes were responsible for this attenuated phenotype, they defined the FNR regulon by combining DNA microarray analysis and FNR-DNA-binding studies. Under oxygen-restricted conditions, FNR positively controlled the transcription of nine transcriptional units, the most up-regulated of which were the two operons NMB0388-galM and mapA-pgmB implicated in sugar metabolism and fermentation, showing that N. meningitidis survival in the host anatomical sites where oxygen is limiting is supported by sugar fermentation.
Besides traditional transcriptional regulators, studies in the past years have largely demonstrated the expression in bacteria of RNA regulatory molecules. The most studied type of RNA regulators is transacting small non-coding RNAs (sRNAs) [61] . Base pairing between the sRNA and its target mRNA usually leads to repression of protein levels through translational inhibition, mRNA degradation or both. Hfq is a strikingly conserved pleiotropically RNAbinding protein that acts by facilitating base pairing between sRNA and mRNA [62] . Hfq of N. meningitidis was identified as an essential gene for the onset of septicemia using signature-tagged transposonmutated N. meningitidis in an infant rat model [33] and it was also up-regulated during incubation in blood [44] . Three different functional genomics approaches have been used to identify proteins and processes that are directly or indirectly regulated by this protein, thus providing potential target genes for sRNA regulation. In two independent studies, Fantappie et al. [48] and Pannekoek et al. [49] generated a hfq-null mutant and performed a comparative proteomic analysis with respect to the wild-type strain. The results were generally in agreement with 27 and 28 deregulated proteins, respectively. At least 20 of them were overproduced in the mutant, indicating that Hfq has a negative effect on expression of the majority of the proteins identified. Many of these proteins are involved in cell energetics and metabolism, amino acid biosynthesis, oxidative stress responses and pathogenesis. These findings were consistent with the profound reduction of the fitness and survival of hfq-null mutant strain in the presence of a wide range of stresses. Mellin et al. [47] used another approach and evaluated the role of Hfq in N. meningitidis iron-dependent and -independent gene expression on a global level using a wholegenome tiling microarray. They compared wildtype, hfq-null mutant and complemented hfq strains, grown under iron-replete and -depleted conditions. Only one gene, sodB, required Hfq for proper ironresponsive regulation. On the contrary, 45 genes were regulated by Hfq independently of iron: 27 were up-regulated and 18 were down-regulated in the hfq-null mutant relative to the wild-type strain. Most of the genes identified in this microarray analysis were also identified in the two proteomic studies [48, 49] , showing the complementarity of different functional genomics approaches in addressing a biological question. A more recent study of global transcription profile differences in N. meningitidis expressing or lacking the Hfq was performed by Fantappie et al. [45] using a DNA microarray and showed a broader set of deregulated genes.
In genome-wide microarray analysis of the transcriptome, the level of statistical significance is corrected for multiple comparisons. This may lead to a high rate of false-negative results. For example, the genes encoding for the eight colonization factors identified by Exley et al. were not identified in the microarray study performed to investigate the interaction of N. meningitidis to epithelial cells [36] .
This suggests that genomic research, when possible, should be complemented with traditional genetics methods (e.g. deletion mutant studies) to functionally confirm the roles of predicted virulence genes.
Role of small RNA and other transcripts in N. meningitidis physiology and pathogenesis
The observation that in N. meningitidis the RNA chaperone Hfq is involved in stress response and virulence suggested the presence of a network of small RNAs likely involved in meningococcal pathogenesis. Regulatory RNAs are particularly suitable for controlling bacterial virulence. In fact, their expression is regulated by different environmental stimuli and their activity resulted in a rapid and transient regulation of target genes [61, 63, 64] .
Recently, we used a tiling DNA microarray to define the changes in the whole transcriptional profile of N. meningitidis in a time course experiment of ex vivo bacteremia [46] . The application of a newly developed bioinformatic tool to the tiling microarray data set allowed the identification of new transcripts-sRNAs, cis-encoded antisense RNAs, mRNAs with extended 5 0 -and 3 0 -untranslated regions (UTRs) and operons-differentially expressed in human blood (Figure 3 ). We reported a panel of expressed sRNAs, some of which can potentially regulate genes involved in the adaptation to the blood environment. One of these sRNA corresponded to NrrF, a recently identified sRNA induced under iron starvation [65, 66] . NrrF was strongly up-regulated in human blood, in line with the iron-limited condition of human blood and the up-regulation of Fur [44] . Moreover, we showed for the first time in N. meningitidis an extensive antisense transcription activity. This means, not only that N. meningitidis might use antisense transcription to regulate gene expression but also that these riboregulators contribute to the adaptation of the bacteria to specific human environments. These findings will help in the study of gene regulation of important N. meningitidis virulence factors.
CONCLUSIONS
Functional genomics methods have introduced a new paradigm to study bacterial pathogenesis and have changed the way investigators approach the classical biological questions. In the context of N. meningitidis, the application of various genomebased approaches in the past few years have been successful to identify and characterize key virulence factors in different steps of N. meningitidis pathogenesis. Studies performed using DNA microarray were fundamental to understand how this human [46] . Four different types of transcripts were detected: (A) small intergenic RNAs; (B) antisense RNAs; (C) mRNAs with extended UTRs and (D) operons. For each type of transcript is shown a transcriptional map, reporting the tiling microarray data. The plot shows on the y-axis the normalized M value (log2 ratio of the two channels, Cy5 for samples recovered at 30, 60 and 90 min of incubation in blood and Cy3 for reference condition at time 0) for positive strand (Fwd) and negative strand (Rev). The scheme of the genomic position is on the x-axis. Annotated ORFs are indicated by arrows and detected transcripts are in dashed lines. The signal region, containing the probes that identify the detected transcript, is comprised between vertical lines. The signal background is delimited by dashed horizontal lines. Each dot corresponds to the average of intensity signals for one probe from three independent biological repetitions. For each probe are reported four dots in different shapes, corresponding to the four time points of the time course (rhomb for t0; square for t30; triangle for t60; circle for t90).
pathogen is able to adapt to the conditions encountered in the host during infection and tiling DNA microarrays demonstrated that regulatory RNA elements are used by N. meningitidis to adapt and proliferate in the host niches during infection.
The concept of reverse vaccinology was applied for the first time to N. meningitidis serogroup B and demonstrated to be as one of the most powerful examples of how genomic information can be used to develop vaccines that were impossible to tackle with conventional approaches.
We expect that advances in functional genomics will provide to scientists new tools to study bacterial pathogenesis and design medical interventions, useful to fight microbial infections.
Key Points
Functional genomics approaches applied to N. meningitidis have been successful to characterize key virulence factors in different steps of N. meningitidis pathogenesis. Reverse vaccinology allowed the identification of a new vaccine able to induce bactericidal antibodies in different age groups after immunization. DNA microarray studies showed how N. meningitidis modifies gene expression to adapt to interact with human cells and grow and multiply in blood. The application of tiling arrays demonstrates that the RNA regulatory circuit in N. meningitidis can be very complex.
